Diastolic time fraction (DTF) has been recognized as an important determinant for subendocardial perfusion, but microsphere studies in which DTF was the independent variable are practically absent. In 21 anesthetized goats, the left coronary main stem was artificially perfused at controlled pressure. DTF was varied by pacing the heart, vagus stimulation, or administration of dobutamine. Regional coronary flow was measured with fluorescent microspheres under full adenosine dilation. Perfusion pressure (P c) was defined as mean coronary arterial pressure minus minimal left ventricular pressure. Regional flow conductances (flow/P c) were as follows: for the subendocardium, Cendo ϭ Ϫ0.103 ϩ 0.197 DTF ϩ 0.00074 P c (P Ͻ 0.001); for the midmyocardium, conductance ϭ Ϫ0.048 ϩ 0.126 DTF ϩ 0.00049 P c (P Ͻ 0.001); and for the subepicardium, C epi was not significant. Cendo-DTF relations demonstrated a finite value for DTF at which flow is zero, implying that, at physiological pressures, systolic subendocardial flow limitation extends into diastole. The DTF corresponding to an equal conductance in subendocardium and subepicardium (DTF 1) was inversely related to P c: DTF1 ϭ 0.78 Ϫ 0.003 Pc (P Ͻ 0.01). When heart rate and P c were held constant and dobutamine was administered (5 goats), contractility doubled and DTF increased by 39%, resulting in an increase of C endo of 40%. It is concluded that 1) DTF is a determinant of subendocardial perfusion, 2) systolic compression exerts a flow-limiting effect into diastole, and 3) corresponding to clinical findings on inducible ischemia we predict that, under hyperemic conditions, C endo Ͻ Cepi if Pc is lower than ϳ75% of a normal aortic pressure and heart rate Ͼ80 beats/min. systolic flow limitation; coronary reserve; steal; heart; microspheres; regional conductance IN THE PRESENCE OF AN EPICARDIAL artery stenosis, ischemia and infarction predominantly start at the subendocardium. Obviously, the reduced perfusion pressure (P c ) resulting from the pressure drop over the stenosis is the primary cause of a local shortage of blood supply. However, there are additional factors that impede blood flow that have to be considered when myocardial tissue is at the brink of being underperfused. A very important impeding factor for blood supply to the subendocardium is compression of the microcirculation by cardiac contraction. The underlying hypothesis of this study is that, at a given perfusion pressure, subendocardial perfusion is dependent on the ratio between the time the heart is in diastole and the duration of a complete heart cycle, the diastolic time fraction (DTF). The DTF indicates the duration of absence of compression of intramural vessels during a heartbeat and is used as input into theoretical models on coronary perfusion (5). It is important to know the relationship between subendocardial conductance (C endo ) and DTF during full vasodilation or hyperemia because this is needed to extrapolate animal data on subendocardial perfusion to the role of cardiac contraction in clinical occurrences of ischemia. Such a relationship between C endo and DTF has been suggested before, but the hypothesis has never been tested thoroughly because the focus has been on heart rate (HR) instead (6).
IN THE PRESENCE OF AN EPICARDIAL artery stenosis, ischemia and infarction predominantly start at the subendocardium. Obviously, the reduced perfusion pressure (P c ) resulting from the pressure drop over the stenosis is the primary cause of a local shortage of blood supply. However, there are additional factors that impede blood flow that have to be considered when myocardial tissue is at the brink of being underperfused. A very important impeding factor for blood supply to the subendocardium is compression of the microcirculation by cardiac contraction. The underlying hypothesis of this study is that, at a given perfusion pressure, subendocardial perfusion is dependent on the ratio between the time the heart is in diastole and the duration of a complete heart cycle, the diastolic time fraction (DTF). The DTF indicates the duration of absence of compression of intramural vessels during a heartbeat and is used as input into theoretical models on coronary perfusion (5) . It is important to know the relationship between subendocardial conductance (C endo ) and DTF during full vasodilation or hyperemia because this is needed to extrapolate animal data on subendocardial perfusion to the role of cardiac contraction in clinical occurrences of ischemia. Such a relationship between C endo and DTF has been suggested before, but the hypothesis has never been tested thoroughly because the focus has been on heart rate (HR) instead (6) .
A unique relation between DTF and HR would circumvent the need for expressing data on subendocardial perfusion as a function of DTF. However, although it is known that DTF decreases with increasing HR (17) , HR and DTF are not uniquely related. For example, in a canine heart, a decrease of P c was shown to result in an increase of DTF especially at full vasodilation (20) . In patients, the DTF-increasing effects of isoproterenol and dobutamine at constant HR have been demonstrated (4) . The absence of a unique relation between HR and DTF on one hand and the dominant role of DTF in subendocardial perfusion on the other hand also follow from the observation that, at the ischemic threshold, DTF rather than HR correlates with the significance of coronary stenosis in patients (13) . Although DTF has been recognized as an important variable for subendocardial perfusion, DTF has rarely been presented as an independent variable in experimental studies.
Because systolic compression reduces the volume of blood in the subendocardium, the time needed to replace this volume is dependent on P c . If diastolic time is too short, the refill will not be completed before the next systole and the resistance will rise disproportionally (16, 26, 27) . Consequently, we hypothesized that, with decreasing DTF, subendocardial flow will become zero at a finite value of DTF and that this value decreases with increasing P c . To measure regional flow, fluorescently labeled microspheres were used in the present study. Because of the limited amount of tracers that can be used in a single experiment, we chose to study the effect of DTF on the flow distribution at preset levels of perfusion pressure. We quantified the values of DTF at which the perfusion over the myocardium is even (DTF 1 ) and at which subendocardial perfusion is predicted to be zero (DTF zf ). To demonstrate that DTF and not HR is the determining factor for subendocardial perfusion, DTF was increased at constant HR by means of intracoronary dobutamine administration in additional experiments.
METHODS
Experimental animals, setup, and consent. In 21 adult goats (weight of 22.8 Ϯ 3.1 kg) under full anesthesia, the heart was exposed through a leftside thoracic incision. A Gregg cannula was passed through a purse string in the aortic arch and connected to the coronary left main stem. Coronary perfusion pressure was controlled by an extracorporal perfusion system (27) . In this system, the Gregg cannula was supplied from a perfusion reservoir in which the blood level was maintained by feedback to a pump drawing from the carotid artery. The air pressure over the blood in the reservoir was controlled by a Fairchild electropneumatic transducer and could be adjusted electronically to a set perfusion pressure. To measure the induced perfusion pressure, a catheter was passed through the Gregg cannula and connected to a dome pressure transducer (Bell & Howell 4 -3271). A 6-mm flow probe (Transonic, 6N) was incorporated in the perfusion line. The left ventricular pressure (Plv) was measured with a catheter tip manometer (Millar SPC-350, 5F) through a purse string in the left auricle and passed through the mitral valve. Two electrodes on the right auricle enabled cardiac pacing, and the vagus nerve could be stimulated in the neck. Experimental setup and protocols were approved by the Academic Medical Center animal ethics committee according to legal guidelines.
Anesthesia, ventilation, and drugs. Premedication was a mix of ketamine (15 mg/kg) and midazolam (1 mg/kg im). Anesthesia was maintained with a mixture of sufentanil (4 g ⅐ kg Ϫ1 ⅐ h Ϫ1 , Sufenta Forte) and midazolam (0.8 mg ⅐ kg Ϫ1 ⅐ h Ϫ1 iv). The animals were ventilated artificially with 50% O 2-50% N2O. Adequate ventilation was checked by analyzing exhaled gases continuously and arterial blood samples at least every 1 h. Arterial oxygen saturation was kept over 90%, PCO2 below 40 Torr, and pH between 7.4 and 7.45. Bicarbonate was given, when necessary, to keep base excess above Ϫ4.0 mM.
Before the perfusion system was connected, ibuprofen (12.5 mg/kg iv) was given to suppress inflammatory reactions resulting from the perfusion system, as well as heparin (bolus 5,000 IU iv, followed by 5,000 IU/h continuous) to avoid coagulation. During measurements, full dilation of the coronary circulation was induced by adenosine (30 -60 g ⅐ kg Ϫ1 ⅐ h Ϫ1 ic) infusion. Full dilation was verified from the absence of an increase in coronary flow upon administration of an additional adenosine bolus.
Experimental protocol. Measurements were started after an equilibration period of 30 min. The pressure in the perfusion system was adjusted to the desired pressure (40 -100 mmHg) in the left main stem. In each animal of a group of 16, at this constant Pc, DTF was varied, either by pacing the heart or by stimulating the vagus nerve, aiming at HRs of 60, 90, 120, 150, and 180 beats/min. When, after the adenosine infusion was started, the desired conditions were in a steady state within 2 min, a continuous recording was made of perfusion pressure, coronary flow, Plv, and ECG, and microspheres were injected into the perfusion line over a period of 10 s to determine regional flows. Seven colors of fluorescent microspheres were available (Molecular Probes, Fluospheres blood flow determination kit, 15 m). After sonification and suspension in 4 ml of blood, ϳ100,000 microspheres per color were injected. The seven fluorescent colors were used in random order. In five additional experiments that followed the same experimental procedure but also explored a different protocol, microspheres were injected at constant HR and perfusion pressure during a control period and after intracoronary administration of dobutamine (0.6 -3.0 g ⅐ kg Ϫ1 ⅐ min Ϫ1 ) for the purpose of establishing its effect in relation to this study.
Analysis of regional flow. For flow analysis, a 1-to 1.5-cm slice of myocardium, ϳ2 cm under the base of the heart, was divided into five sections: two papillary regions and three free walls. Each section was subdivided into a subepicardial (2-3 mm), a midmyocardial (variable thickness), and a subendocardial (2-3 mm) layer. The rest of the heart was divided into 1-to 2-g sections to determine total fluorescence.
The centrifuge sedimenting method was used to recover the microspheres (32) . Regional flow in milliliter per minute per gram of tissue was calculated as the ratio of sample fluorescence over total fluorescence multiplied by total coronary flow as measured in the perfusion line and divided by the sample weight.
Data acquisition and processing. Data were digitized and stored on a personal computer. For a recording to be valid, regular heart periods during time of the microsphere injection were required. Diastole was defined as the period from minimal to maximal derivative of Plv, and DTF was calculated as diastole divided by heart period. The coronary perfusion pressure gradient (P c) was defined as the difference between the mean pressure in the coronary left main stem and the minimal diastolic P lv (as an estimate of coronary backpressure). Regional conductances were calculated as flow per Pc. Cardiac contractility was expressed as the maximum value of the first derivative of Plv (dPlv/ dtmax).
All statistical analyses were done in SPSS. Means Ϯ SD are given where applicable. Differences (ANOVA), regression slopes, and differences between regression slopes [analysis of covariance (ANCOVA)] are statistically significant (P Ͻ 0.05) unless mentioned otherwise.
To analyze DTF zf and DTF1, for each goat linear regressions were calculated of DTF and Cendo and the Cendo-to-subepicardial conductance (Cepi) ratio, respectively. Of the significant relations, the intercept at the DTF value of 0, respectively 1, was determined. Finally, a linear regression on the relation was calculated of these intercept values and P c. In addition, a multiple regression on the pooled data was calculated. Alternative relations between DTFzf and DTF1 with Pc were obtained by substituting 0 for conductance, respectively 1, for subendocardium-to-subepicardium ratio in the regression equation on the pooled data.
RESULTS
Typical recordings of coronary perfusion pressure, P lv , and coronary flow are presented in Fig. 1 , demonstrating the reduction in coronary flow during systole. Mean data from experiments for three classes of P c are summarized in Table 1 .
In Fig. 2 , C endo ( Fig. 2A ), C epi ( Fig. 2B) , and the ratio between the two (Fig. 2C ) are depicted as a function of DTF for three different values of P c . Data for each pressure level were obtained in a single but different goat. For each pressure level, C endo increased with DTF, and this relationship shifts upward with a higher P c [ANCOVA F (1, 93) ϭ 49.6, P Ͻ 0.01]. With multiple regression, the relation is described as C endo ϭ Multiple regression on the pooled data resulted in C mid ϭ Ϫ0.048 ϩ 0.126 DTF ϩ 0.00049 P c (P Ͻ 0.001). Also the ratio between C endo and C epi depended strongly on DTF and P c , as demonstrated in Fig. 2C [ANCOVA, P c F (1, 93) 
Figure 2A also indicates the range of average DTF change induced by dobutamine at constant HR. These results are described in more detail below.
For each individual experiment, the linear regression of the relation between the C endo -to-C epi ratio and DTF was calculated. Four relationships were not significant because of a very limited range of DTF. For the remaining 12 relationships, the DTF for which C endo -to-C epi ratio ϭ 1 (DTF 1 ) was determined (see Fig.  2C ) and plotted as function of P c in Fig. 3 . The resulting relationship was statistically significant (P Ͻ 0.05) and quite similar to the result of multiple regression on all data pooled, including those from the four relations not yielding an individual DTF 1 (P Ͻ 0.01). Figure 3 also shows all results that we derived from the literature (4 studies). The regression demonstrates that DTF 1 diminishes with increasing coronary pressure.
For each experimental animal, the DTF zf (see arrows in Fig.  2A ) was plotted against P c in Fig. 4 . The regression was significant according to both statistical models, multiple regression (P Ͻ 0.01), and regression on one point per animal (P Ͻ 0.05). The data indicate that the intercept of C endo becomes smaller with increasing P c , and, according to extrapolation, this value would become zero at a P c of 140 mmHg.
The results of the five animals in which the effect of dobutamine was tested at constant HR are presented in Table 2 . With dobutamine, DTF increased by 39% (P Ͻ 0.01), contractility more than doubled in value, and subendocardial flow increased significantly by 40% (P Ͻ 0.05). The heavy gray line in Fig. 2A connects the average values before and after dobutamine administration at constant HR. Because average perfusion pressure was ϳ95 mmHg, the dependence of C endo on DTF in this pooled data set with dobutamine tallies well with the data obtained by changing HR. Figure 5 illustrates the relation between DTF and HR for the present definition of DTF. The DTF results in humans for HRs of 50, 80, 100, and 130 beats/min, as derived from Kovacs (17) , are also indicated (as open circles); these are within the same range as those found for goats in our present study. The data obtained during intracoronary dobutamine infusion are indicated (as squares), and the DTF results appear significantly above the pressure and HR matched control values (Table 2 ).
Pearson's correlation between HR and contractility was significant but low (r ϭ 0.25).
DISCUSSION
This study quantifies C endo as a function of the two most important determinants: DTF and P c . It was found that DTF 1 decreases with P c . The relation between subendocardial flow and DTF is not proportional because this relationship intercepts the DTF axis at a positive value DTF zf . Thus subendocardial flow decreases faster than DTF, indicating that systolic flow limitation extends into diastole.
Critique of methods. The use of fluorescent microspheres is a gold standard (8, 32) but limits an experiment to seven interventions. The number of interventions suitable for analysis is further reduced by practical problems like irregular HR during microsphere injection. The limited number of data points per regression diminishes the power of statistical analysis. Therefore, the data were analyzed in two ways: multiple regression on all pooled data and analysis of regression coefficients calculated per animal. There was a slight quantitative difference between the outcome of the two statistical approaches, but this had no consequence for the interpretation of the results in terms of mechanisms.
For the definition of diastolic length, the difference between maximal and minimal time derivative of P lv was chosen based on an earlier study (19) . From a signal processing point of view, these points are well defined. One may argue that at higher HR P lv may rise faster than at lower HR, and hence the error may not be constant but HR dependent. However, in that case, dP lv /dt max would be HR dependent and in our experiments, although significant with a high number of observations, the correlation between the two was very low. The present definition results in a 13% higher DTF than when a level detection was used for P lv with 25% of the P lv pulse as a threshold. Merkus et al. (20) compared this and other definitions of DTF and concluded that the quantification of changes of DTF was hardly affected by its definition.
We use DTF as an estimate of the period in which intramural vessels are not compressed, and one may argue that compression starts earlier during the rise of P lv and may still be present during a short period after the minimal value of dP lv /dt. However, then the question arises regarding whether the compression is constant during systole, and this is probably not the case. Analysis of coronary arterial flow waves and the wave of epicardial lymph pressure led to the conclusion that in the beginning and the end of systole compression is related to P lv and in midsystole it is related to contractility (26) . Moreover, some recent evidence has been found that cross bridges may relax earlier in the subendocardium that in the subepicardium Values are means Ϯ SD; n ϭ no. of observations. DTF, diastolic time fraction; HR, heart rate; Pc, coronary arterial pressure minus minimal left ventricular pressure (Plv); Pperf, perfusion pressure. Within experimental animals, Pc was constant and DTF was varied. (37) . Obviously, the definition of DTF will determine the absolute value of DTF 1 and DTF zf , but it will have little effect on the slopes of their relationships with P c (Figs. 3 and 4) . A more conservative estimate of DTF would result in a lower extrapolated intercept of the DTF zf -P c relationship with the P c axis (see Fig. 3 ). In that case, a systolic and diastolic uncoupling is predicted to occur at a lower value of P c . However, such a more conservative definition of DTF would not invalidate our conclusion that systole exerts its influence on diastolic subendocardial perfusion in the physiological range of P c and DTF.
Adenosine is known to be a vasodilator of especially the smallest resistance vessels. We found that, at the dose used in this present study, adenosine dilates all resistance arteries in vitro. Regardless, the adenosine dose was checked for maximal vasodilatory capacity judged by the coronary flow measurements during the experiments. It is not likely that adenosine by itself had an influence on DTF. In the study of Merkus et al. (20) , adenosine decreased DTF; however, when DTF was plotted vs. flow, the adenosine effect was indistinguishable Over all animals, the DTF and pressure effects are highly significant (analysis of covariance), but the increase in slope with higher pressure is not significant. Arrows at the DTF axis indicate theoretical point of zero conductance and hence "zero flow" (DTFzf). B: relationships of subepicardial (subepi) conductance to DTF. DTF and pressure effects are not statistically significant. C: positive relationships of the ratio of subendocardial to subepicardial conductance to DTF. Intercepts with the indicated level of the ratio ϭ 1 show the DTF at which intramyocardial conductance distribution is even (DTF1). Heavy gray lines, average dobutamine results specified in Table 2 . P lv was guarded, and, when it dropped, volume was given intravenously to the animal. At a low perfusion pressure, it was difficult to maintain P lv when HR was increased. Because of this, we could not increase HR to a high value when perfusion pressure was low, as can be inferred from Fig. 2 . A reduction in P lv will reduce the compressive forces on the intramural vessels and hence result in an increase of conductance at lower DTF values. In our study, we demonstrate a reduction of conductance at decreasing DTF, but this reduction is an underestimate of the condition in which P lv would remain constant. It should be noted that the conditions of HR and pressure could be set instantaneously and that vasodilation and injection of microspheres were completed within 2 min, preventing a too large challenge to the stability of the preparation.
Relation to other microsphere studies. Although, instead of HR, the duration of diastole has been recognized as a factor that determines myocardial perfusion, previously no studies were designed that varied DTF, as became clear when we extensively surveyed the literature. We compared our data with four earlier studies in which we were able to deduce the DTF 1 values, for which several regional flow measurements are necessary at different DTFs. Two of these gave indexes of diastolic time (3, 14) ; in the other two (2, 11), DTF had to be estimated from HR with the present HR-DTF relation. The data deduced from these four studies have been added to Fig. 3 for comparison. These appeared to be in the same range as the data from the present study.
Interpretation of results. The effect of cardiac contraction on the perfusion of the subendocardium is compensated anatomically by a higher vascular volume of the small arteries in this region (15, 36) . This higher volume corresponds to a much lower resistance in the subendocardium than subepicardium when the heart is arrested. During each heartbeat, the contraction reduces intramural blood volume. In the arterial coronary circulation, this change in volume causes a reduction in flow or even retrograde flow, whereas in the coronary veins systolic flow increases (27) (28) (29) . This variation in volume results in smaller intramural vascular diameters during systole (31) , and hence systolic subendocardial resistance will certainly be larger than diastolic resistance. The question is how much of that effect is noticeable in diastole. The swing of intramural volume between systole and diastole depends both on the strength and duration of compression in systole and on the possibility for volume restoration during diastole. Both the duration of diastole and the level of perfusion pressure will promote diastolic volume restoration.
One should keep in mind that a strict separation between the effects of systole and of diastole on subendocardial perfusion is a conceptual simplification of the continuous variations in vascular volume (33, 34) . This simplification fits the experimental outcome better at higher perfusion pressures when DTF zf approaches zero at which value subendocardial perfusion is perfectly proportional with DTF (see Fig. 4 ). At physiological pressures, however, subendocardial flow falls faster with DTF than predicted by a strict separation of systolic and diastolic events because DTF zf is higher than zero.
C mid depends on DTF; hence, these intramural vessels are also subjected to compressive forces. However, the sensitivity of conductance changes for DTF was less than at the subendocardium (0.197 vs. 0.126). Also the sensitivity of conductance for pressure was less at the midmyocardium than at the subendocardium (0.00049 vs. 0.00074). A dependence of conductance on pressure could only be established for the subendocardium and the midmyocardium and not for the subepicardium. A larger dependence of resistance vessel diameter on perfusion pressure in the subendocardium compared with the subepicardium was found from direct in vivo observations (21) and is consistent with the larger pressure dependence of C endo .
The absence of a positive correlation between C epi and P c cannot be interpreted as absence of microvascular diameter change on a change in P c . By defining the local conductance as the ratio between flow and P c , we assume that the myocardial layers are in parallel and act independently. However, trans- Values are means Ϯ SD. NS, not significant. Fig. 5 . DTF-heart rate relation of all observations in fully vasodilated hearts, with the dobutamine observations indicated separately (■) and human data (E) (13) . Per definition, the relations pass through DTF ϭ 1 at heart rate ϭ 0.
mural arteries do posses a significant resistance (9) , and, given a constant DTF, the strong increase of flow in the deeper layers may result in a subepicardial perfusion pressure that is lower than P c . This holds true for the deeper layers as well. However, because of the strong effect of P c in the deeper layers, one may conclude that P c reduces the flow-impeding effect of cardiac contraction such that pressure drop over the transmural vessels is more than compensated.
In the set of 16 experiments aimed at establishing the relationship between flow distribution and DTF with the P c gradient as a parameter, the relationship between HR and DTF was well defined. The result is that subendocardial flow correlated with HR to a similar degree as with DTF and poses the question regarding why a correlation with DTF should be preferred. However, in our five additional experiments in which we, at constant HR and perfusion pressure, administered dobutamine, it was clearly found that subendocardial flow increased with increasing DTF at constant HR. This increase in subendocardial flow occurred despite a more than twofold increase in contractility, which induced a significant decrease in systolic left main stem flow. This demonstrates that the time for restoring subendocardial blood volume by an increased DTF can sufficiently compensate for the increased compressive force related to the increase of contractility (18) . It is not unlikely that the clinical beneficial effect of dobutamine is explained in part by an improved perfusion of the subendocardium by an increase in diastolic time. The improved energetic state of the heart does not only stimulate contractility but also relaxation (12) .
Implications. The present results are important for the validation of models. However, we did not intend the purpose of this study to be a review of the models developed so far. Our experimental study supports the concept that a decreased perfusion pressure results in a slower refill of subendocardial vessels during diastole, as predicted by the nonlinear intramyocardial pump model of Bruinsma et al. (5) .
Our study provides a rationale for several clinical observations. At the threshold of ischemia, DTF rather than HR correlates with stenosis diameter (13) . Exercise values of diastolic time observed in patients with syndrome X were found to be shorter than normal for comparable HRs (30) . These clinical findings are in agreement with the present finding on the relationship between DTF and C endo . Obviously, the suggested mechanisms will be better applicable to situations of well-defined large artery stenoses than the more complicated cases of diffuse or microvascular disease. However, it seems rational to assume that a larger DTF is beneficial in these cases as well.
In the clinical setting, a reduction in perfusion pressure is most often the result of a pressure drop over a stenosis. Guide wire technology allows for the measurement of flow and pressure, separately or combined, distal of a stenosis during a catheterization procedure (25) . Criteria have been developed for the prediction of inducible ischemia based on indexes derived from such measurements (22) (23) (24) . It was found that a flow velocity reserve (resting flow/hyperemic flow) of smaller than two or a pressure drop over the stenosis during adenosineinduced hyperemia of more than 25% of aortic pressure corresponds to inducible ischemia, as measured by a variety of methods varying from single-photon-emission computed tomography to exercise ECG. One may assume that subendocardial underperfusion occurs in these conditions. According to our Fig. 3 , the C endo -to-C epi ratio drops under 1 at a pressure of 75 mmHg when DTF is lower than 0.575, which corresponds to HR of 85 beats/min, as can be deduced from our Fig. 5 . Hence, if HR increases over that value of 85 beats/min, subendocardial flow will drop under subepicardial flow. In itself, the drop of subendocardial flow under subepicardial flow in hyperemic conditions does not imply the occurrence of subendocardial ischemia. Subepicardial perfusion could be still abundant, and subendocardial perfusion could be sufficient. There may also be differences in regional oxygen consumption, although when differences are reported studies demonstrate a higher oxygen consumption at the subendocardium than subepicardium (10) . In any case, with a subendocardial perfusion lower than in the subepicardium, the subendocardium is at higher risk than the outer layers of the heart.
The fact that ischemia can be induced in patients at a perfusion pressure of ϳ75 mmHg seems at odds with the experimental findings in dogs where ischemia in the circumflex territory was only found when coronary pressure was dropped to 38 mmHg at an HR of 100 beats/min and to 52 mmHg at an HR of 200 beats/min (7). Most likely, this difference in results is due to collateral flow in dogs, which was unlikely to be present in our study because goats have few collaterals and the whole left main stem was perfused. Hence, the relationship between DTF 1 and P c seems very relevant for the clinical condition, especially in the absence of sufficient collateral development.
The importance of a more accurate description of DTF and P c -dependent coronary conductance may be clear from clinical studies in which DTF was shown to be an indicator of ischemia (13, 30) but also because of the discrepancy on these issues that surfaces from clinical studies, where some believe that these effects are nonexistent (1) and others feel to be able to demonstrate these physiological mechanisms in humans (25, 35) .
Conclusion. DTF is the determining parameter for subendocardial perfusion at a given P c , and the modeled relation is in agreement with experimental and clinical human data. To sustain coronary perfusion over a range of HRs compatible with exercise, DTF is a necessary variable to be regulated by physiological responses. In the fully vasodilated heart, subendocardial hyperemic perfusion decreases more than proportionally with DTF, and this nonlinearity is more pronounced at lower P c . In addition, DTF 1 depends on P c . This indicates the relevance of monitoring DTF in the critically diseased heart.
